Synaptic transmission is the primary means of information transfer in the nervous system, and its long-term plasticity is thought to underlie acquisition and storage of new information. While these processes are primarily neuronal, they do occur in an environment that contains both extracellular matrix and nonneuronal cells such as glia. Especially astrocytes, a subtype of glia cell with a characteristic star-like morphology, have been the subject of intense study over the past decades. An important feature of astrocytes is that, unlike neurons, the branches of an individual cell occupy clearly delineated territories with little overlap with their neighbors under normal conditions. Within these domains, fine astrocyte branches approach and enwrap synapses (. Fig. 1 , [20] ). A single astrocyte can cover a total of approximately 100,000 synapses arising from many different neuronal connections in the rat hippocampus [6] . As astrocytes are capable of sensing and modulating synapse activity, they are potentially powerful modulators of large synaptic populations. Therefore, their role as key players in neuronal network function has received a lot of attention but is also intensely debated.
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The possibility of fast reciprocal signaling between neurons and astrocytes was first suggested in the 1990s. Among the many important findings was the observation of Ca 2+ responses in astrocytes induced by the neurotransmitter glutamate in cultured astrocytes and in situ [7, 35] . At the same time, an increase of cytosolic Ca 2+ was shown, for example, to trigger release of glutamate from astrocytes, thereby exciting nearby neurons [31] .
These and other findings challenged the classical view that the electrically passive astrocytes only act as scaffolding for neurons, maintaining ion homeostasis and providing metabolic support and neurotransmitter clearance, and gave rise to the concept of the tripartite synapse [3] . A vast number of signaling cascades enabling neuron-astrocyte communication is well documented now. They are triggered by neuronal activity and appear to converge on astrocyte Ca 2+ signaling while astrocyte Ca 2+ signaling was shown to have a plethora of reciprocal effects on neuronal network function (for review [36] and references therein). For this reason, understanding astrocyte Ca 2+ signaling is critical for establishing the functional and computational role of astrocyteneuron interactions, although astrocytes have other means of sensing and integrating neuronal activity, sodium signaling for instance [16, 36] .
Astrocyte Ca 2+ signaling in astrocyte-neuron communication
Metabotropic neurotransmitter receptors represent a common link between neuronal activity and astrocyte Ca 2+ signaling. In the juvenile hippocampus for instance, group I metabotropic glutamate receptors mediate somatic store-dependent Ca 2+ transients in response to Schaffer collateral stimulation [35] . Similar pathways exist in hippocampal astrocytes for other presynaptically released neurotransmitters such as acetylcholine [25] , while multiple mechanisms underlie astrocyte Ca 2+ responses to the inhibitory neurotransmitter GABA [21] . These examples highlight that astrocytes appear to respond with a transient Ca 2+ increase regardless of the identity of the neurotransmitter and its excitatory or inhibitory action on neurons. It raises the question if and how astrocytes discriminate between activity of the various different presynaptic terminals they cover. In addition, astrocyte Ca 2+ transients also occur in response to postsynaptic depolarization. For instance, endocannabinoid release after depolarization of hippocampal CA1 pyramidal cells activates store-dependent Ca 2+ signaling in astrocytes [23] . This reduction of many different incoming signals into a single type of response, a Ca 2+ transient of a hippocampal astrocyte, implies that strikingly different neuronal network activity may be translated into apparently similar astrocyte Ca 2+ signals.
This convergence onto a seemingly uniform Ca 2+ signaling is contrasted by highly diverging effects that an astrocyte Ca 2+ increase can have on synaptic transmission (. Fig. 2) . Targets of astrocyte-neuron communication include axonal action potential propagation. For instance, action potentials of CA3 pyramidal cells are broadened while traveling along their axons and release from their synapses is facilitated if the Ca 2+ concentration in nearby astrocytes is increased by Ca 2+ uncaging [38] . Neurotransmitter release from these synapses is also under direct control of astrocyte Ca 2+ signaling. Increasing astrocyte Ca 2+ levels can transiently or permanently potentiate the release probability of CA3-CA1 synapses by triggering glutamate release from astrocytes [24, 32] or by adenosine receptor signaling [30] . However, intact astrocyte Ca 2+ signaling is also required for the transient postburst depression of release from these synapses [2] and spontaneous excitatory synaptic transmission can be inhibited by a Ca 2+ -dependent boost of astrocyte potassium uptake [43] . Furthermore, postsynaptic neuronal N-methyl-D-aspartate receptors (NMDARs) are activated by Ca 2+ -dependent release of glutamate from astrocytes [23] and supported by Ca 2+ -dependent NMDAR co-agonist supply by astrocytes [13] . As a consequence of this diversity, the net effect of an astrocyte Ca 2+ signal on excitatory synaptic transmission is far from clear (. Fig. 2 , upper half). Another target of astrocyte-neuron communication is GABAergic inhibition (for review [18] ). For instance, induction of astrocyte Ca 2+ transients increases GABAergic transmission pre and postsynaptically ( [15] , . Fig. 2 , lower half). These examples of astrocyte modulation of synaptic transmission highlight the diverse and possibly opposing effects an astrocyte Ca 2+ elevation could trigger locally at the synapses received by a CA1 pyramidal cells. Developmental changes of glutamate receptor expression by astrocytes [40] and profound alterations of astrocyte Ca 2+ signaling in an animal model of Alzheimer's disease [9] are just two important examples of additional layers of complexity of astrocyte-neuron communication that also emphasize the need to carefully consider experimental conditions.
Synaptic specificity of astrocyteneuron communication
This puzzling diversity of astrocyte-neuron communication at synapses received by a single neuron subtype, here the CA1 pyramidal cell, poses questions about its physiological and computational function. Are individual pathways spatially segregated? Are they simultaneously recruited at single synapses and across synapse populations? For instance, a global astrocyte Ca 2+ transient propagating through an entire astrocyte and possibly invading neighbouring gap-junction coupled astrocytes is likely to engage astrocyte-neuron signaling at a vast number of different synapses and thus may represent a homeostatic mechanism. In contrast, a local and spatially confined Ca 2+ transient could serve to fine-tune information transfer at single synaptic connections or gate their plasticity. Indeed, astrocyte processes can generate Ca 2+ transients locally and independently as demonstrated more than a decade ago in situ [26] . More recent advances in Ca 2+ imaging techniques and development of genetically encoded Ca 2+ sensors allowed detection of a striking degree of compartmentalization of astrocyte Ca 2+ transients in situ and in vivo [10, 14, 39] . The vast majority of these Ca 2+ transient were highly localized events often not extending more than a micrometre and only a minority of events invaded larger parts of the astrocyte or its soma. Importantly, local Ca 2+ transients could be induced by synaptic stimulation and depended on synaptic activity [10, 30] . This implies that astrocytes can translate neuronal activity into the small scale Ca 2+ transients that could locally modulate the function of single or few synapses through a specific mechanism. Demonstrating that this is indeed the case will be a significant experimental challenge for several reasons. It requires methods to manipulate and monitor synapses and astrocytes simultaneously at the micrometre scale. In addition, it is for instance unclear if all astrocytes and all processes of a single astrocyte are equipped with the same molecular machinery for detection of synaptic activity and its modulation. Thus, the question arises which astrocyte and which part , lower half) is also altered in response to similar Ca 2+ transients. The net effect on the synaptic or cellular level will depend on the specific set of mechanisms available at an individual synapse, the spatial extent of the astrocyte Ca 2+ signal and the range of action of a signaling molecules released from astrocytes [20] ). An individual hippocampal astrocyte covers approximately 100,000 synapses [6] .
of the astrocyte to probe for local synaptic astrocyte-neuron signaling. While differences of astrocyte-neuron signaling between brain regions have been established [19] , it is largely unexplored if individual astrocytes in a subregion like the CA1 stratum represent a homogeneous population or could be as diverse as, for instance, interneurons [17] . The gradient of astrocyte gap junction coupling anisotropy and morphology within the CA1 stratum radiatum could indicate that such local heterogeneity exists [1] . Also, astrocytes can potentially control the supply of the NMDAR co-agonist D-serine individually rather than acting as a gap junctioncoupled functional syncytium [13] . It remains unknown however what the physiological granularity of NMDAR co-agonist supply is and if variability of astrocyte morphology is functionally relevant for astrocyte-neuron communication.
Significant heterogeneity could also exist on the level of a single astrocyte. It is conceivable that certain compartments of an astrocyte would only be capable of modulation of inhibitory or excitatory synapse or be exclusively sensitive to their activity. Identification of such subcellular specializations in astrocytes is complicated by the lack of a clearly definable cellular polarity. In neurons, localization of a protein already gives a strong clue as to its functions on the cellular level. Presence or absence of a particular signaling cascade in synaptic spines, dendritic shafts, soma, axon, or synaptic boutons guides interpretation of experimental results regarding the computational processes it might be relevant for. Such structural features with firmly established functions are largely undefined for astrocyte with the exception of astrocyte endfeet. These are astrocyte processes that contact and encase blood vessels and are thought to play a role in neurovascular coupling [34] . Interestingly, astrocyte endfeet are compartments where diffusion is slowed considerably compared with the rest of the cell thus limiting the spread of diffusible signals [27] . They are also regions of the astrocyte enriched with Ca 2+ -permeable TRPV4 channels [4] that trigger store-amplified Ca 2+ transients in endfeet and may contribute to neurovascular coupling [11] . Whether other similarly specialized compartments exist within single astrocytes that control astrocyteneuron signaling on a synaptic scale remains to be established. Several recent studies indicate that at least the signaling cascades that generate Ca 2+ transients are unevenly distributed throughout the astrocytes. Genetic deletion of the IP3 receptor expressed by astrocytes revealed that a significant fraction of spontaneous Ca 2+ transients do not rely on IP3-dependent signaling, especially those generated in the astrocyte periphery [14, 39] . The localization of astrocyte Ca 2+ transients triggered by synaptic stimulation also determines their dependence on metabotropic glutamate receptors [41] . Thus, the spatial distribution of different astrocyte Ca 2+ signaling mechanisms could ensure specific neuron-astrocyte communication on the synaptic scale.
Astrocyte coverage of synapses
Most of the well-established mechanisms of astrocyte-neuron signaling rely on diffusion of signaling molecules between neurons and astrocytes. As a consequence, the efficiency of interactions is determined by the distance between a site of release and the site of action and therefore the spatial configuration of synapses and the neighbouring astrocyte branches (. Fig. 1 ). Physiological changes of astrocyte coverage of neurons during lactation affect glutamate clearance and supply of the NMDAR co-agonists D-serine in the supraoptic nucleus [28, 29] . In the hippocampus, the coverage of excitatory synapses by astrocytes also varies considerably between individual synapses [20, 42] . A functional implication could be that astrocyte-neuron communication shows a similar degree of variability or selectivity, thereby increasing its synaptic specificity. In that regard, it is of particular interest that the morphology of astrocytes and their fine terminal branches is not static but dynamic [5, 12, 33, 44] . Such dynamic changes of astrocyte morphology and therefore reconfiguration of the spatial relationship between astrocyte branches and synaptic contacts could be a critical determinant of astrocyte-neuron communication. For example, an astrocyte process retraction from a synaptic connection could affect synaptic transmission in a number of ways. The astrocyte's ability to sense activity of that particular synaptic connection could be impaired while transmitters released from the astrocyte may reach a much lower concentrations at this synapse. On the other hand, astrocytes mediate most of the glutamate uptake [8] . An astrocyte process retraction could therefore reduce clearance of neurotransmitter released from neurons and as a consequence effectively boost synaptic transmission through extrasynaptic high affinity glutamate receptors. It is noteworthy that induction of long-term potentiation (LTP) appears to be a particularly robust trigger of astrocyte morphology changes [5, 12, 33, 44] . Coordinated morphology changes of presynaptic boutons and postsynaptic spines in parallel to LTP [22] accompanied by astrocyte restructuring could therefore persistently enable or disable astrocyte-neuron communication at potentiated synapses. Indeed the diffusion weighted distance from a postsynaptic density to the surrounding astrocyte processes is smaller at thin spines compared to mushroom spines, which possibly have undergone previous potentiation in the dentate gyrus [20] . While this suggests that synaptic plasticity can profoundly alter astrocyte-neuron communication on the level of single synapses by structural change such modulation could also occur as a result of, for instance, TNFα signaling [37] . 
Conclusions

